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Abstract
Estuary connecting links between river and ocean, and is also departure point and destination of sea transport. Because of depth
of natural estuarine channel often unable meet the demand of shipping, regulation and dredging must be carried on waterway.
But the mechanism of regulation projects affecting branching estuaries is not definitely clear. Uniform flow is used to validate an
established bifurcation estuary model to determine effects of one branch on the other branch and the response of water-sediment
dynamic been subject to regulation projects. The research results show that the change is unequal between section discharge and
section sediment flux. There exists the optimum dike length that ensure the discharge and sediment flux are less influenced by
dikes. The appropriate relative length is 0.62 and the extreme relative length is 0.78 through regression analyzing. The section
discharge ratio is consistent under action of uniform flow and tide. The section sediment flux ratio about 0.5 is different between
uniform flow and tidal cases. The research results can provide references for managing of bifurcation estuaries and further
researching.
© 2014 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of organizing committee of APAC 2015, Department of Ocean Engineering, IIT Madras.
Keywords: water and sediment dynamic; regulation projects; bifurcation estuaries; waterway;
1. Introduction
With the large space length of bifurcation estuary delta and revetment engineering, deltas are frequently stable
compared to bifurcated river. The main hydraulic drive which contains runoff current and tide is complex, and
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relaxation rate is existed in estuary. The local water-sediment dynamic around regulation projects change with the
whole bifurcation estuary system at a long of time is commonly ignored.
A lot of researches involving numerical calculation, flume experiment and similar physical model experiment
about river water-sediment dynamic have been done in china. Guangming T. deeply researched on the erosion and
deposition of suspend sediment and concluded the response of water-sediment dynamic be subject to single dike.
Recent three years, the issues of water-sediment dynamic were gradually expand in the Yangtze River. Runqing D.
based on seasonal bathymetry observations and high-resolution validated FVCOM model, the North and South
Passages in the Yangtze River Estuary are studied as an integrated system to determine the dynamic mechanism
controlling their flow diversion ratios in recent ten years. Chaofeng T. have been carried out flow and sediment
diversion tests in the bifurcation channel. The general relationship between sediment diversion ratio and every related
factor including diversion ratio, the ratio of channel width to channel depth and the sand grain has been gained. In
abroad, Amaurthy validated flow diversion ratio and Fr numbers of two breaches experiment in bifurcation flume.
Barkdoll preliminarily studied the bed load transport of a right angle bifurcation estuary. Neary measured current
structure and current profile in a right angle bifurcation estuary.
2. Calculation methods
The conceptual model solves hydraulic equations and non-equilibrium sediment transport equations of suspend
load and bed load by discretization in flexible mesh. The purpose is to discuss effects of one branch on the other
branch and the response of water-sediment dynamic been subject to group of dikes and waterway.
2.1. Grid establishment
Triangle is a C program for two-dimensional mesh generation and construction of Delaunay triangulations,
constrained Delaunay triangulations, and Voronoi diagrams. Triangle is fast, memory-efficient, and robust; it
computes Delaunay triangulations and constrained Delaunay triangulations exactly. Guaranteed-quality meshes
(having no small angles) are generated using Ruppert’s Delaunay refinement algorithm. Features include user-
specified constraints on angles and triangle areas, user-specified holes and concavities, and the economical use of
exact arithmetic to improve robustness. The prioritization is carried out by applying weights to the individual scatter
data sets. These weights may be assigned globally and locally.
2.2. Solution methods
The model is based on a flexible mesh approach and the numerical solution of the two/three dimensional
incompressible Reynolds averaged Navier-Stokes equations invoking the assumptions of Boussinesq and of
hydrostatic pressure. Thus, the model consists of continuity, momentum and density equations and it is closed by a
turbulent closure scheme. The spatial discretization of the primitive equations is performed using a cell-centered
finite volume method. The spatial domain is discretized by subdivision of the continuum into non-overlapping
elements/cells.
Along closed boundaries (land boundaries) normal fluxes are forced to zero for all variables. For the momentum
equations this leads to full slip along land boundaries. The open boundary conditions can be specified either in form
of a unit discharge or as the surface elevation for the hydrodynamic equations. For transport equations either a
specified value or a specified value or a specified gradient can be given.
• Shallow water equations
Integration of the horizontal momentum equations (only u direction) and the continuity equation over depth   
the following two-dimensional shallow water equations are obtained:
    1

       
           2
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The over-bar indicates a depth average value. The lateral stresses Tij include viscous friction, turbulent friction and
differential advection. They are estimated using an eddy viscosity formulation based on of the depth average velocity
gradients:
 	   	    	 3
Where t is the time; d is the still water depth; u and v are the velocity components in the x and y direction; g is the
gravitational acceleration; is the density of water; are components of the radiation stresses tensor; is the
atmospheric pressure; is the reference density of water; S is the magnitude of the discharge due to point sources
and (  ) is the velocity by which the water is discharged into the ambient water. Where    and   
are the x and y components of the surface and bottom stresses.
• Bottom stress
The bottom stress,    is determined by a quadratic friction law:
   
Where is the drag coefficient and    is the flow velocity above the bottom. The friction velocity
associated with the bottom stress is given by:
   5
For tow-dimensional calculation is the depth-average velocity and the drag coefficient can be determined from
the Chezy number, C, or the Manning number, M.
 
  
6
• Sediment transport governing equations
The sediment transport formulations are based on the advection-dispersion calculations in the hydrodynamic
calculation.
             7
Where  is depth averaged concentration (g/m3); and are dispersion coefficients (m2/s); is source discharge
per unit horizontal area (m3/s/m2); is concentration of the source discharge (g/m3);
The advection-dispersion equation is solved using an explicit, third order finite difference scheme, known as the
ULTIMATE scheme (Leonard, 1991). This scheme is based on the well-known QUICKEST scheme.
2.3. Validation coefficients
The model describes the erosion, transport and deposition of fine-grained material <63 μm (silt and clay) under
the action of currents. For a correct solution of the erosion processes, the consolidation of sediment deposited on the
bed is also included. The model is essentially based on the principles in Mehta et al. with the innovation of including
the bed shear stresses. Extensive data over the entire area to be modelled is required such as: settling velocities,
suspended sediment concentrations, current velocities, vertical velocity and suspended sediment concentration
profiles and critical shear stresses for deposition and erosion.
• Deposition and erosion
In the model, a stochastic model for flow and sediment interaction is applied. The deposition rate can be expressed
by:  , where is settling velocity (m/s); is near bed concentration (kg/m3); is probability of
deposition. The probability of deposition is calculated as:
     8
Where is the bed shear stress (N/m2); is the critical bed shear stress for deposition (N/m2).
The sediment transport formulas described above apply hydrodynamic variables for describing the bed shear
stress. This must be determined for pure current or a combined wave-current motion. The model just consent to pure
current. In the case of a pure current motion the flow resistance is caused by the roughness of the bed. The bed shear
stress under a current is calculated using the standard logarithmic resistance law:
 	 9
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Where is the bed shear stress (N/m2); is density of fluid (kg/m3); is mean current velocity (m/s); is current
friction factor what can obtained by:
 	 	   10
Where h is the water depth (m); k is bed roughness (m).
Erosion can be described in two ways depending upon whether the bed is dense and consolidated or soft and
partly consolidated. For dense, consolidated the erosion ( ) is defined by:
     11
Where E is the credibility of bed (kg/m2/s); is bed shear stress (N/m2); is critical bed shear stress for erosion
(N/m2); n is power of erosion. For soft, partly consolidated bed the erosion is defined by:
       Where is the coefficient (  ). 12
• Settling velocity
The settling velocity of the fine sediment depends on the particle or flocsize, temperature, concentration of
suspended matter and content of organic material. A constant sediment settling velocity is specified in this model.
• Concentration profiles
The expressions for the sediment concentration profile can be applied that an approximate solution to the vertical
sediment fluxes during deposition. The near bed concentration is related to the depth averaged concentration :
 

where    
  
  13
is the mean settling velocity of the sediment; is depth mean eddy diffusivity; is Von Karman’s universal
constant (  ); is friction velocity  .
3. Model calculation
3.1. Model introduction
The plane setting of numerical model, the scope and the bed elevation are shown in Fig. 1. The upstream is divided
into the south branch and the north branch, and two branches converge in downstream. The length of flume is 240km,
and where the intermediate river basin is 105km.The widths of import and export of are 15km, and where the
branching channel is 7.5km. The bottom bed is rectangular section slope and elevation vary from -5m in upstream
to -7.8m in downstream. A 105km long and 400m wide waterway is provided in the North Branch. A group of spur
dikes signed as N1-N5 and S1-S5 is also provided. The distance between each spur dike is 10000m, and the initial
spur dick is 200m long and 1800m wide.
Fig. 1. location of monitor profiles and bathymetry.
The computational hydrodynamic grid is flexible mesh. First, use uniform flow to calibrate sediment parameters
which is simulated in the model. Second, explore the regularities of water-sediment dynamic after appending
regulation projects. Certainly, the bottom bed keeps sediment balanceable in uniform flow. Third, conciliate M2 to
a regular semidiurnal tidal water surface serve as the downstream boundary condition. Finally, calculate the
numerical water flume model with calibrating sediment parameters to discover the regularities in branching estuaries.
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3.2. Uniform flow verification
The verification is calculated under two open boundaries that upstream discharge is 16400 m3/s and downstream
water lever is 1m. Manning number keeps constant of 32N/m2 in the whole area. The stable velocity and vector are
showed in Fig. 2(A). Uniform flow current speed is 0.45m/s except bifurcation inlet and bifurcation outlet.
The bed stress is 0.27N/m2 calculated by equation (4). Thus, both erosion critical stress and deposition critical
stress are set 0.27N/m2 to ensure no bed erosion and no removement of the deposition of suspend sediment at the
same time. The model with one layer of bed sediment has constant settling velocity of 0.0001m/s and bed roughness
0.001m. It has two suspend sediment boundaries which upstream is 0.1kg/m3 and downstream is 0.01kg/m3. The
stable concentration distribution of suspend sediment is showed in Fig. 2(B). The sediment concentration gradually
increases from upstream to downstream. Both sediment concentration of branches are nearly symmetrical.
Fig. 2. distribution of velocity vector and suspend load concentration.
Except the 0.08kg/m3 contour of south branch is a bit longer because of the mesh density. From Fig. 3 these
coefficients can be used in further calculation as a criterion.
3.3. Conceptual scheme design
The regulation projects include a -10m deep waterway and a group of dikes. The length of each dike increases
200m each time from 1800m to 3600m. Sediment would deposit at space between two dikes, which lead to the
decrease of water yield and the increase of resistance again. In order to study how the space affect to bifurcation inlet
and bifurcation outlet the Siltation case with an increased 3m height of the space.
Label 1 properties of the cases
Case Uniform flow Tide
Dikes
Flow Discharge
(m3/s)
Sediment flux
(kg/s)
Flow Discharge
(m3/s)
Sediment flux
(kg/s)
Dikes & Waterway
Dikes & Siltation
Dikes & Siltation &Waterway
Dike Length (km) 0 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6
Remarks: “&” represents combination of two projects. “Siltation” represents siltation of dike field.
Monitor profiles and properties of the cases are revealed in Fig. 4 and Label 1, respectively. Three monitor profiles
upstream are named Section A, Section B and Section Pro. Both Section A and Section B are called Flow inlet. Like
upstream, there are Section C, Section D and Section back or Flow inlet and Flow outlet in the downstream.
4. Response of water-sediment dynamic
The response of water-sediment dynamic been subject to regulation projects and changes of discharge ratio and
sediment flux ratio are concluded under action of uniform flow were analyzed. The differences between action of
uniform flow and tide would be found by correlation analysis were discussed.
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4.1. Response of water-sediment dynamic under action of uniform flow
The discharge of Section A decreases while the discharge of Section B increases along as the increase of the
length of spur dike, showed in Fig. 3. As in Fig.4, changes of sediment flux are similar with the flow changes from
Section A to Section D. The sediment flux of Section D is several times larger than Section C.
Flow discharge curves of case Dikes and case Siltation coincide in Fig. 3, and so do the case Waterway and
Waterway&Siltation. The same appearance apply to sediment flux curves in Fig. 4. There are large differences
between case Dikes, case Waterway and case Siltation, case Slitation&Waterway, which means depth of waterway
acts a rather important role in bifurcation estuary.
4.2. Discharge ratio and sediment flux ratio under action of uniform flow
Fig. 3. (a) ratio of section A and section B flow discharge; (b) ratio of section C and section D flow discharge.
As in Fig. 3 and Fig. 4, horizontal coordinates are relative length. The dike length divided by one branch channel
width, which called relative length. Longitudinal coordinates are flow discharge ratio and sediment flux ratio. The
flow discharge and sediment flux of one branch divided by the total flow and sediment flux, which called flow
discharge ratio and sediment flux ratio. The results indicate that the discharge ratio and sediment flux ratio decreas
of one branch while increas of another branch with regulation projects. But the two ratioes are  not equal in same
ralative length. Large amount of sediments scour and silt in both branches. There are large differences between case
Dikes, case Waterway and case Siltation, case Slitation&Waterway.
Fig. 4. (a) ratio of section A and section B sediment flux; (b) ratio of section C and section D sediment flux.
4.3. Correlation analysis between action of uniform flow and tide
The value of discharge ratio or sediment flux ratio under action of uniform flow is X, and the value of average
discharge ratio or average sediment flux ratio of one tidal period (24 hours) under action of tide is Y. Then, mark (X,
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Y) on Fig.5. Concerning the discharge ratio, there are only two points of Section C and Section D slightly off the
line of 45°Thus, section discharge ratio is consistent under action of uniform flow and tide. Concerning the sediment
flux ratio, some sediment flux ratios about 0.5 are off the line of 45°. It is necessary to do further research on the
sediment flux under action of tide.
Fig. 5. (a) relativity of discharge ratio; (b) relativity of sediment flux.
4.4. Regression analysis of discharge ratio and sediment flux ratio
Fitting curves of discharge ratio in Section A and Section B and of sediment flux ratios in all sections are show
in Fig. 6. The effects of waterway and siltation are neglected when fitting the curves for more applications.
Fig. 6. (a) curve fitting of section A and section B discharge ratio; (b) curve fitting of section A and section B discharge ratio sediment flux.
Fig. 7. (a) curve fitting of Section C and Section D sediment flux in all kinds of cases; (b) Section A curve fitting slope.
The formulas of curves are such as:
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     
      14
 
    
      15
   
 	  
	
 	  
 	  
	 16
According to the definition of discharge ratio or sediment flux ratio, the sum of the ratios of two branches must
equal to 1 and the exponential coefficients must be same. The formula of discharge ratio and sediment flux ratio was
derivate to obtain fitting curves slope as in Fig. 7. (b). Taking the slope -0.5 and -1 as a standard for appropriate
length and extreme length, we can get the relative dike length 0.62 and 0.78 respectively.
5. Conclusion
Uniform flow is used to validate a bifurcation estuary model to determine water-sediment dynamic with regulation
projects. the change is unequal between section discharge and section sediment flux. There exists the optimum dike
length that ensure the discharge and sediment flux are less influenced by dikes. The appropriate relative length is
0.62 and the extreme relative length is 0.78 through regression analyzing. The model just can simulate that the
discharge and sediment flux have a great change when dredged a deep waterway. The section discharge ratio is
consistent under action of uniform flow and tide. The section sediment flux ratio about 0.5 is different between
uniform flow and tidal cases. It is necessary to do further research on the sediment flux under action of tide. The
research results can provide references for managing of bifurcated estuaries and further researching.
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